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TIMES OF DROPS I N  FILM B O I L I N G  

by Kenneth J. Baumeister * and Glen J. Schoessow t 

ABSTRACT 

Di f fus ive  and r a d i a t i v e  e f f e c t s  are  incorporated i n t o  a n  

a n a l y s i s  f o r  t he  vapor i za t ion  t i m e  of drops i n  f i l m  b o i l i n g .  

momentum, energy, and cont inui ty  equat ions are solved w i t h  some 

a p p r o p r i a t e  s i m p l i f i c a t i o n s  s o  as  t o  o b t a i n  a s5mple closed form 

s o l u t i o n  f o r  t h e  o v e r a l l  f i l m  b o i l i n g  h e a t  t r a n s f e r  c o e f f i c i e n t .  

N e x t ,  a t h e o r e t i c a l  expression f o r  t h e  d r o p l e t  vapor i za t ion  t i m e  

is developed and compared t o  t h e  measured v a p o r i z a t i o n  t i m e s  of 

water d r o p l e t s  vaporizing i n t o  air, argon, ni t rogei i ,  and helium. 

The  agreement between experiment and theory is  good. Under t h e  

helium b lanke t ,  t h e  d i f f u s i v e  evaporat ive component is  s i g n i f  i- 

c a n t  i n  comparison t o  t h e  f i l m  b o i l i n g  component. 

The 

._ 

INTRODUCTION 

S tud ie s  of t h e  vaporizat ion t i m e  of l i q u i d  d r o p l e t s  i n  f i l m  

b o i l i n g  a re  b a s i c  t o  many technological  problems. 

c u r r e n t  r e sea rch  i n  d r o p l e t  film b o i l i n g  on ho t  s u r f a c e s  i s  con- 

cerned w i t h  such d i v e r s e  problems as f u e l  vapor i za t ion  on t h e  

For example, 
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manifold of t h e  spark- igni t ion engine or t h e  combustion chamber 

of t h e  d i e s e l  and gas tu rb ine  engine ( r e f .  1 ) ;  cool ing o r  quench- 

ing  of heated s u r f a c e s  ( r e f s .  2 and 3 ) ;  l i q u i d  d r o p l e t  removal i n  

m i s t  s e c t i o n s  of b o i l e r s  ( r e f .  4 ) ;  and i n  areas of s a f e  f u e l  

handling where a c c i d e n t a l  contact  of f u e l  w i th  a h o t  s u r f a c e  i s  a 

r i s k .  The r e c e n t  hazard study ( r e f .  5) of t h e  problems a s soc ia t ed  

with t h e  a c c i d e n t a l  s p i l l a g e  of l i q u e f i a l  n a t u r a l  g a s  (LNG) on 

water a l s o  relates t o  the  vaporizat ion of l a r g e  l i q u i d  drops i n  

f i l m  b o i l i n g .  References 1 to 15 con ta in  a comprehensive c u r r e n t  

l i t e r a t u r e  summary of t he  recent  work i n  d r o p l e t  f i l m  b o i l i n g  as 

we11 as a d i s c m a i o n  of the phenomenon. 

I n  some of t h e  above mentioned a p p l i c a t i o n s ,  drops vapor i ze  

i n  a s a t u r a t e d  atmosphere of t h e i r  own vapor,  while  i n  o t h e r  

a p p l i c a t i o n s  t h e  drop is exposed t o  a n  atmosphere i n  which d i f f u -  

s i o n  can occur. With the  exceptions of r e f e r e n c e s  6 and 8 ,  t h e  

vapor i za t ion  t i m e s  have been measured under cond i t ions  where t h e  

drop is  exposed t o  air o r  other iner t  gases .  Under such condi- 

t i o n s ,  d i f f u s i o n  could s i g n i f i c a n t l y  a f f e c t  t h e  t o t a l  vaporiza- 

t i o n  t i m e .  The purpose of the p re sen t  paper i s  t o  o b t a i n  a 

closed-form s o l u t i o n  f o r  t h e  e f f e c t  of d i f f u s i o n ,  as w e l l  as ra- 

d i a t i o n ,  on t h e  t o t a l  vaporizat ion t i m e  of drops i n  f i l m  b o i l i n g .  

I n  analyzing t h e  experimental d a t a ,  two models of t h e  bo i l -  

i ng  process have been considered. The f i r s t  model, see f i g -  

u r e  l ( a ) ,  has no p rov i s ions  for  d i f f u s i o n  from t h e  top of t h e  
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drop. 

beneath t h e  drop and enshroud t h e  upper su r face .  Under t h e s e  

condi t ions,  d i f f u s i o n  from the upper s u r f a c e  can be  neglected.  

Most of t h e  analyses  t o  d a t e  u s e  t h i s  assumption wi th  t h e  excep- 

t i o n  of r e f e r e n c e  10 by Go t t f r i ed  and B e l l .  B e l l  ( r e f .  7) sug- 

gested t h e  model shown i n  f i g u r e  l ( b )  . 
from underneath t h e  drop d i spe r ses  r a d i a l l y  outward away from 

t h e  s u r f a c e  thereby l eav ing  t h e  upper s u r f a c e  exposed t o  a n  a i r  

or  i n e r t  gas atmosphere. Under these cond i t ions ,  molecular d i f -  

f u s i o n  could occur.  

are u s u a l l y  a few degrees  below s a t u r a t i o n  temperature tends t o  

support  t h i s  model. Furthermore, Wachters ( r e f .  8) observed t h a t  

a d r o p l e t  i n  a i r  evaporates f a s t e r  than a d r o p l e t  i n  a s a t u r a t e d  

atmosphere, thereby ind ica t ing  t h a t  d i f f u s i v e  mass t r a n s f e r  

exists . 

I n  t h i s  model, t h e  vapor is  assumed t o  flow upward from 

I n  t h i s  model, t h e  vapor 

The f a c t  t h a t  t h e  d r o p l e t ' s  upper r eg ions  

I n  gene ra l ,  most of the d a t a  a v a i l a b l e  are t o t a l  vaporiza- 

t i o n  times f o r  pure l i q u i d  drops r e s t i n g  qu ie scen t ly  on a f l a t  

p l a t e  a t  h igh  temperatures,  exposed t o  a n  ambient a i r .  Under 

t h e s e  cond i t ions  , t h e  d i f f u s i o n  c o n t r i b u t i o n  is  g e n e r a l l y  s m a l l ,  

less than 10 percent ,  compared t o  f i l m  b o i l i n g  c o n t r i b u t i o n .  

Consequently, i t  i s  d i f f i c u l t  t o  d i s c e r n  which model is  v a l i d .  

Schoessow and Baumeister ( r e f .  6 )  , however , performed an experi-  

ment where d i f f u s i o n  w a s  a dominant f a c t o r .  They noted t h a t  

helium '(see t a b l e  1) i n  a s s o c i a t i o n  wi th  water has  a d i f f u s i o n  
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c o e f f i c i e n t  which is  a f ac to r  of four  g r e a t e r  than a n  air-water 

combination. Figure 2 shows t h e i r  d a t a  f o r  t h e  water d r o p l e t  

vapor i za t ion  t i m e  i n  a i r ,  argon, n i t rogen ,  and helium atmos- 

pheres.  From t h i s  d a t a  and a dimensional a n a l y s i s ,  Schoessow 

and Baumeister concluded that  t h e  second model ( f i g .  l ( b ) )  is  

v a l i d .  To f u r t h e r  support  t h i s  conclusion, they presented a 

novel flow v i s u a l i z a t i o n  technique which o u t l i n e d  t h e  v a r i o u s  

domains a s soc ia t ed  with t h e  second model. 

Go t t f r i ed  and B e l l  (ref. 14) included d i f f u s i o n  and r ad ia -  

t i o n  i n  an exact numerical so lu t ion  f o r  t h e  two region model 

shown i n  f i g u r e  l ( b ) .  

s m a l l  s p h e r i c a l  drops i n  fi lm b o i l i n g  were i n  good agreement 

w i t h  t h e i r  experimental  r e s u l t s .  On the  other  hand, Baumeister, 

H a m i l l ,  and Schoessow ( r e f .  11) neglected d i f f u s i o n  and obtained 

a s i n g l e  closed form so lu t ion  based on model shown i n  f i g u r e  l ( a ) .  

Their a n a l y s i s  a p p l i e s  t o  a l l  drop s i z e s ,  s m a l l  spheres  t o  l a r g e  

l i q u i d  s p i l l s .  Their predicted hea t  t r a n s f e r  c o e f f i c i e n t s  and 

vapor i za t ion  t i m e s  were a l s o  i n  good agreement w i t h  t h e  experi-  

mental r e s u l t s  of r e fe rence  14. However, i n  l i g h t  of r ecen t  sub- 

s t a n t i a t i o n  of t h e  two-region model, t h e  s i m p l i f i e d  theory of 

r e fe rence  11 can only be used when d i f f u s i o n  is n e g l i g i b l e .  

Their predicted v a p o r i z a t i o n  t L ~ e a  for 

The numerical r e s u l t s  of G o t t f r i e d  a d  B e l l  ( r e f .  14) and 

t h e  theory of Baumeister et a l .  ( r e f .  11) compare favorably when 

d i f f u s i o n  is  not a dominant mechanism. Unfortunately,  t h e  numer- 
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i c a l  r e s u l t s  of reference 1 4  cannot be compared t o  t h e  theory t o  

be presented  i n  t h i s  paper because t h e  numerical results of ref- 

erence 1 4  a p p l i e s  only t o  spec i f i c  drop s i z e s  with an a i r  atmo- 

sphere.  

In  the present  paper, d i f fus ive  as wel l  as r a d i a t i v e  c o n t r i -  

bu t ions  a re  incorpora ted  in to  an  a n a l y s i s  f o r  t he  hea t  t r a n s f e r  

c o e f f i c i e n t  and vapor iza t ion  time of drops i n  f i l m  b o i l i n g .  

momentum and energy equations a r e  solved with some appropr ia te  

s i m p l i f i c a t i o n s  t o  ob ta in  a closed so lu t ion .  

w a s  des i r ed  f o r  the convenience of  t he  engineer ing designer .  The 

t h e o r e t i c a l  r e s u l t s  a r e  compared t o  the  measured d rop le t  vapori- 

za t ion  times of re ference  6 for  water d rop le t s  vapor iz ing  i n t o  

air, argon, ni t rogen,  and helium. 

The 

A c losed  s o l u t i o n  

The ana lys i s  w i l l  t r e a t  r a d i a t i o n  and d i f f u s i o n  as small 

pe r tu rba t ions  t o  t h e  wel l  known s o l u t i o n  of  t he  Leidenfros t  

problem. The ana lys i s  i s  l i m i t e d  t o  two-component systems i n -  

volving a pure single-component l i q u i d  with s m a l l  s o l u b i l i t i e s  

f o r  t h e  gas and a single-component gas of high p u r i t y  (wi th  ex- 

cept ion  of  a i r ) .  
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METHOD OF ANALYSIS 

The experimental  measured vapor i za t ion  time of a d i s c r e t e  

l i q u i d  drop i n  f i l m  b o i l i n g  can be determined by a d i r e c t  i n t e -  

g r a t i o n  of  an energy balance on the  drop: 

- h p ~  a=  d t  $(v)A~(v)& (1) 

where the  t o t a l  hea t  t r a n s f e r  c o e f f i c i e n t ,  hT, and t h e  d rop ' s  

bottom area AB are dependent on t h e  volume V of l i q u i d  t h a t  

e x i s t s  a t  any time t. 

through lower a r e a  of the  drop. I n  equat ion (l), t h e  t o t a l  hea t -  

t r a n s f e r  r a t e  t o  the  dropj represent'ed by t h e  right si& ~f e---- 

t i o n  (l), i s  s e t  equal  t o  the mass evapora t ion  rate times the  

l a t e n t  hea t  of vapor iza t ion .  

Heat i s  assumed t o  reach the  drop only 

%-- 

On the  right-hand s ide  of equat ion  (l), the  mechanism for 

energy transfer t o  the  drop is  assumed ( s e e  appendix A )  t o  be 

conduction across  t h e  vapor f i lm  ( i n  creeping laminar flow) and 

r a d i a t i o n  t o  t h e  b o t t m  o f  the drop. On the  l e f t -hand  s i d e  of 

equat ion (l), t h e  mass evaporation i s  composed of d i f f u s i v e  

vapor iza t ion  from the top  of the  drop and film b o i l i n g  from the  
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b o t  tom. 

The problem, of course,  i s  t o  f i r s t  relate AB and hT t o  

t h e  p r o p e r t i e s  of t h e  l i q u i d  and vapor, d r o p l e t  volume, p l a t e  

temperature, and t h e  environmental cond i t ions  surrounding t h e  

drop. After  t h i s  has been accomplish&, equat ion (1) can be d i -  

r e c t l y  in t eg ra t ed  t o  determine t h e  vapor i za t ion  t i m e .  F i r s t ,  t h e  

geometric parameters including AB w i l l  be  discussed.  Secondly, 

an expression f o r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  w i l l  be  presented,  

F i n a l l y ,  t h e  i n t e g r a t i o n  of equation (1) w i l l  be d i scussed .  

AB Geometric Parameter 

I n  t h i s  a n a l y s i s ,  t h e  drop is represented by a f l a t  d i s k  of 

r a d i u s  ro and he igh t  R as shown i n  f i g u r e  3 .  The uniform 

vapor gap 6 ,  shown i n  f i g u r e  3 ,  i s  assumed t o  s i m p l i f y  t h e  math- 

ematics. For t h e  cases where d i f f u s i v e  evaporat ion is  s m a l l ,  

t h i s  model gives  real is t ic  predict ions of t h e  h e a t  t r a n s f e r  coef- 

f i c i e n t  and vapor i za t ion  time ( r e f .  11). 

The r e l a t i o n s h i p  of AB, ro, and R t o  d r o p l e t  volume are 

given i n  t a b l e  2. The geometric parameters were determined i n  

r e fe rence  11 from numerical so lu t ions  f o r  t h e  drop shape. From 

t h e  numerical r e s u l t s ,  t h r e e  a n a l y t i c a l  approximations were ob- 

ta ined f o r  t h e  v a r i o u s  volume rallges l i s t e d  i n  t a b l e  2.  
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Heat Transfer  Coef f i c i en t  

An energy balance on the  d r o p l e t  can be  w r i t t e n  i n  t h e  f o l -  

lowing form, 

kAB AT 
A AT = -Pvhw(6)AB + 

+ brad B h+lB AT = . 
On t h e  l e f t  hand s i d e  of the above equation, t h e  t o t a l  h e a t  t rans-  

f e r r e d ,  $A 

term. The kA AT/6 term i n  t h e  above equat ion assumes t h a t  

only conduction occurs beneath t h e  drop wi th  t h e  a s soc ia t ed  l i n -  

ear temperature p r o f i l e .  Convection heat t r a n s f e r  causes t h e  

temperature p r o f i l e  t o  dev ia t e  from t h e  assumed l i n e a r  va lue .  

Convection w i l l  be  accounted for  later by introducing t h e  modi- 

f i e d  l z t e n t  h e a t  of vaporizat ion.  

above equation, t h e  f i r s t  term r e p r e s e n t s  h e a t  removed from t h e  

d rop ' s  lower s u r f a c e  by evaporation, while  t h e  second term rep- 

r e s e n t s  h e a t  loss  by d i f f u s i o n  from t h e  upper su r face .  For t h i s  

form of d i f f u s i v e  energy, t h e  p a r t i a l  p re s su re  of t h e  l i q u i d  i n  

t h e  vapor environment is  assumed small  and an equivalent  sphe r i -  

cal  shape has been assumed. 

AT, is broken up i n t o  a conduction and a r a d i a t i o n  B 

B 

On t h e  r i g h t  hand s i d e  of t h e  

Dividing bo th  s i d e s  of th above equat ion by and AT 

g i v e s  

PvXw(6) XDABMPs 2 
= -  k 

6 AT + RTsro AT AB hT = - + hrad 

The a x i a l  vapor v e l o c i t y  w(6) a t  t h e  lower s u r f a c e  of t h e  drop 
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can be  found by a s o l u t i o n  of t he  momentum and energy equat ions 

i n  t h e  vapor flow f i e l d  beneath t h e  drop. 

p re s s ion  f o r  

braic manipulation t o  a n  expression f o r  t h e  t o t a l  h e a t  t r a n s f e r  

c o e f f i c i e n t  

S u b s t i t u t i n g ,  t h e  ex- 

w(6) i n t o  t h e  above equat ion l e a d s  a f t e r  some alge- 

hT 

The d e t a i l e d  s t e p s  of the d e r i v a t i o n  f o r  hT are given i n  

t h e  appendix of t h i s  r e p o r t .  For ease of p re sen ta t ion ,  only t h e  

f i n a l  expression f o r  t h e  t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  pre- 

sented h e r e  i n  t h e  body of the r e p o r t .  

The t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t  hT can be  expressed 

as : 

0 
h - 

- 0.75 hrad/h * *1/4 hT - p. - 0.25 N /V 

((A-26) des igna te s  equation i n  appendix) where 

3 1 / 4  Ad 

0.68 C (::*) AB * 1  N = - - -  

where t h e  symbols are def ined i n  t h e  nomenclature. 

I n  equat ion ( 2 ) ,  h is  the expression f o r  t h e  f i l m  b o i l i n g  
0 * 

h e a t  t r a n s f e r  c o e f f i c i e n t  when t h e  d i f f u s i v e  c o n t r i b u t i o n  N 

(eq. (A25)) and t h e  r a d i a t i v e  con t r ibu t ion  hr ad are zero.  I n  

t h i s  ca se ,  

3 "  
1 /4  k A (P, - 

h 0 = 1.21($) ( ATpL 

The dimensionless volume and area parameter w i l l  be def ined i n  
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* -  

equations (9) and (10). 

For convenience i n  t h e  i n t e g r a t i o n  of equat ion ( l ) ,  equa- 

t i o n  (3) is rearranged i n  t h e  following form 

* 1/4 

h =  * h 0 = 1.21(>) 
(k3h*(pL 

(4) 

where h* is a dimensionless heat  t r a n s f e r  c o e f f i c i e n t .  

similar manner, t h e  expression f o r  t he  t o t a l  h e a t  t r a n s f e r  coef- 

f i c i e n t  can be  nondimensionalized by introducing equat ion ( 4 )  in- 

t o  equation ( 2 ) .  The expression f o r  hT becomes 

I n  a 
0 

* 

N* brad 1. - 0.25 - - 0.75 7 
- 0 -  

V * V 4  h 

where 

* hrn h- 

and 

* = hr ad 
hr ad 

(5) 

I n  t h e  next s e c t i o n ,  w e  w i l l  s u b s t i t u t e  t h e  r e l a t i o n s h i p s  

hT f o r  t h e  area A and t h e  t o t a l  hea t  t r a n s f e r  c o e f f i c i e n t  

i n t o  equat ion (1) and i n t e g r a t e .  This w i l l  l e ad  t o  expressions 
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f o r  t h e  t o t a l  vaporizat ion time which can be  compared t o  t h e  ex- 

perimental  d a t a  i n  f i g u r e  2 .  

Analysis of Vaporization Times  

Defining 

* t 

* v  v = -  
L3 

L L  

L =  

* 
and hT as given i n  equation (4), equat ion (1) can be  conveni- 

e n t l y  w r i t t e n  i n  dimensionless form as: 

* * *  * 
-dV = hTA d t  

* 
In t h i s  case,  A r ep resen t s  the dimensionless bottom area of t h e  

f l a t  d i s k  model shown i n  f i g u r e  3 .  I n t e g r a t i n g  equat ion (12)  

g i v e s  : 

The i n t e g r a t i o n  of 
* 

equation (13) f o r  V g r e a t e r  than 0.8 
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r e q u i r e s  t h a t  t h e  i n t e g r a t i o n  b e  broken up i n t o  two ranges s i n c e  

t h e  form of $ and A* a r e  d i f f e r e n t  i n  each volume range. 
* 

Consequently, f o r  V g r e a t e r  than 0.8, t h e  i n t e g r a t i o n  i s  from 

V* t o  0.8 and from 0.8 t o  zero. A similar approach is  used f o r  

V* g r e a t e r  than 155. 
* 

V* 5 0.8 

I 1  

0.8 < V* 2 155 t*=d h : A * y  (15) 
r"* dV* 

J0.8 h y  

n o .  8 
dV* I 

where t h e  appropr i a t e  form of the geometric parameter A* and 

$ 
The above i n t e g r a l s  are e a s i l y  evaluated because a l l  t h e  i n t e g r a l s  

is  used i n  t h e  eva lua t ion  of each of t h e  above i n t e g r a l s .  

reduce t o  simple polynomials. 

The r e s u l t  of t h e s e  in t eg ra t ions  is  displayed i n  t a b l e  3 .  

t o  a pseudo l i q u i d  
* 

The formula relates t h e  dimensionless t i m e  t 

volume V'. When d i f f u s i o n  and r a d i a t i o n  are zero t h e  pseudo 

volume becomes equal  t o  t h e  actual volume. 
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COMPARISON OF EXPERIMENT TO THEORY 

The experiment d a t a  of reference 6 are compared t o  t h e  
* 

t h e o r e t i c a l  p red ic t ions  i n  f i g u r e  4 .  I n  eva lua t ing  N , t h e  

d i f f u s i o n  c o e f f i c i e n t s  i n  t a b l e  1 are used, t h e  f l u i d  and vapor 

p r o p e r t i e s  are evaluated a t  the f i l m  temperature and t h e  r a t i o  

of d i f f u s i v e  t o  f i l m  b o i l i n g  area (A /A ) i n  N is taken as 

1.35. 

from t h e  s i d e s  of t h e  drop, hence t h e  t h i r t y - f i v e  percent  i n c r e a s e  

i n  t h e  d i f f u s i v e  area as compared t o  t h e  f i l m  b o i l i n g  area. This 

average area r a t i o  a p p l i e s  t o  drops i n  t h e  dimensionless volume 

range of 0.8 t o  155, which i s  the range of t h e  experimental  d a t a .  

* 
d B  

Some d i f f u s i v e  evaporation has been assumed t o  t ake  p l a c e  

Theory and experiment are i n  good agreement as seen i n  f i g -  

u r e  4 .  The d a t a  f a l l  v i t h i n  a standard dev ia t ion  of 5 percent .  

In comparison, i f  t h e  d i f f u s i v e  component of evaporat ion i s  

neglected (DAB = O), t he  helium d a t a  f a l l  approximately 60 per- 

c e n t  below t h e  t h e o r e t i c a l  curve. 

LIMITATION OF THEORY 

Various s i m p l i f i c a t i o n s  ( l i n e a r i z a t i o n s )  were used i n  de r iv -  

i n g  t h e  expressions f o r  t h e  t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  see 

equat ions (Al9) , (A21) , (A22) , and (A23). These l i n e a r i z a t i o n s  

l e a d  t o  a s i n g u l a r i t y  i n  equation (2)  i n  t h e  l i m i t  when 

* brad ~ 0 * 2 5  + 0.75 - 
0 

v*l/f+ h 
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t h a t  i s ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  becomes i n f i n i t e .  

For water drops vaporizing i n t o  a helium atmosphere, t h i s  

s i n g u l a r i t y  occurs  a t  a water d rop le t  volume of approximately 

0.0001 cc. For l a r g e  l i q u i d  drops, t h i s  s i n g u l a r i t y  w i l l  have 

a n e g l i g i b l e  e f f e c t  on t h e  predicted t o t a l  vapor i za t ion  t i m e ;  

however, t h i s  w i l l  not  be  t h e  case f o r  very small l i q u i d  drop- 

lets. Consequently, i t  is  suggested t h a t  t h e  c o r r e l a t i o n s  i n  

t a b l e  I11 be used only i n  the range t e s t e d  by experiment. 

the p resen t  r e s u l t s ,  t h e  l a s t  two equations i n  t a b l e  3 

(V* > 0.8) can be  s a f e l y  used. 

From 

* 
For very s m a l l  l i q u i d  volumes (V < 0.8), t h e  numerical pro- 

cedure of G o t t f r i e d ,  Lee, and B e l l  i n  reference 10 should be used 

f o r  p r e d i c t i n g  t h e  d r o p l e t  vaporizat ion t i m e .  

CONCLUSIONS 

A closed-form s o l u t i o n  f o r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  and 

d r o p l e t  vapor i za t ion  t i m e  is i n  good agreement with d a t a  i n  which 

d i f f u s i o n  plays a n  important role .  

NOMENCLATURE 

AB bottom area of drop 

Ad 

A* 

area of drop i n  which d i f f u s i o n  occurs 

dimensionless a r e a ,  defined by eq. (10) 

C s p e c i f i c  h e a t  a t  constant  pressure of vapor 
P 
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d i f f u s i o n  c o e f f i c i e n t  (see t a b l e  I) 

defined by 

D~~ 

Gr V 
3 2  

P (P, - pv)gL /u  

g c o e f f i c i e n t  of g r a v i t y  

g r a v i t a t i o n a l  constant  gC 

H* 

H def ined by X/C AT 
P * 

defined by X /C AT 
P 

h h e a t  t r a n s f e r  c o e f f i c i e n t  

f i l m  b o i l i n g  h e a t  t r ans fe r  c o e f f i c i e n t  when r a d i a t i o n  and h 
0 

d i f f u s i o n  are assumed zero 

- 4  4 r a d i a t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  

t o t a l  hea t  t r a n s f e r  coe f f i c i en t  t o  bottom of t h e  drop 

(Tw - Ts)/(Tw - Ts) hr ad 

hT 
k thermal conduc t iv i ty  of vapor 

L c h a r a c t e r i s t i c  length,  equation (11) 

R thickness  of f l a t  d i s k  drop model 

M molecular weight 

dimensionless d i f f u s i o n  parameter def ined by equat ion (A24) 

dimensionless d i f f u s i o n  parameter defined by equation (A25) 

NDC 
N* 

P p res su re  

ambient p re s  s u r  e 
0 

P 

Pr P r a n d t l  number Cpu/k 

s a t u r a t i o n  p res  s u r  e 
pS 

R gas constant  

r r a d i a l  coordinate  

r e f f e c t i v e  d r o p l e t  r ad ius  
0 



* 
0 

r 

sc 

Tf 

TS 

T 

T 
P 

AT 

t 

t 
* 

U 

V 

V* 

Vf 

W 

w ( 6 )  

z 

6 

6 
0 

L E 

x 
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dimensionless r a d i u s ,  r o / L  

modified Schmidt number, "/DAB (MPs/RTs) 

temperature 

f i l m  temperature,  equation (Al) 

p l a t e  temperature 

s a t u r a t i o n  temperature 

temperature d i f f e r e n c e ,  (TP - Ts) 

t i m e  

dimensionless t i m e ,  equation (8) 

r a d i a l  v e l o c i t y  

d r o p l e t  volume 

dimensionless d r o p l e t  volume equat ion (9) 

pseudo volume, see t a b l e  3 

a x i a l  v e l o c i t y  

a x i a l  v e l o c i t y  a t  bottom of drop 

a x i a l  coordinate  

vapor gap thickness  

vapor gap thickness  when d i f f u s i o n  and r a d i a t i o n  are not  

present  

emis s iv i ty  of l i q u i d  

l a t e n t  h e a t  of vaporizat ion 
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h* modified l a t e n t  hea t  of vaporizat ion (ref. 13) 

c m  
h - > 2  A* 

c1 v i s c o s i t y  of vapor 

9, l i q u i d  dens i ty  

pv vapor dens i ty  

a sur face  tens ion  

a S te f an-Bo1 t zmann constant  
- 

. 
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APPENDIX - HEAT TRANSFER COEFPICIENT 

. 

The hea t  t r a n s f e r  c o e f f i c i e n t  from t h e  p l a t e  t o  t h e  drop is  

obtained by solving t h e  momentum and energy equat ions f o r  flow 

and energy t r a n s f e r  i n  t h e  vapor gap beneath t h e  drop. 

phys i ca l  p r o p e r t i e s  are assumed cons t an t  and evaluated a t  t h e  

The 

f i l m  temperature: 

T + Ts - 
T f -  p 2  

For creeping laminar flow wi th  only hea t  conduction ac ross  t h e  

vapor gap, t he  governing d i f f e r e n t i a l  equat ions are as  fol lows:  

Momentum : 

Con t inu it  y : 

Energy : 

k 
6 

h = -  

Boundary condi t ions : 

z = o  u = o  u = o  T = T  P 

u = O  w = w(6) T = Ts z = 8  

(A5 

r = O  u = o  
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. 

r = r  z = o  P = Po 
0 

S t a t i c  f o r c e  balance: 

Droplet  energy balance: 

(All)  
s *d kAB AT 

h A  T B  A T =  + hradAB AT = -p V Xw(G)AB + 
RTsro 

The set of equations presented above are similar t o  those  

given i n  r e fe rence  1 2  except t h a t  d i f fus ion  and r a d i a t i o n  terms 

are added t o  t h e  d r o p l e t  energy balance. On t h e  right-hand s i d e  

of equation (All), t h e  f i r s t  term r e p r e s e n t s  heat removed from 

t h e  drop by evaporation from the lower s u r f a c e ,  wh i l e  t h e  second 

term rep resen t s  h e a t  loss by diffusion from t h e  upper s u r f a c e .  

For t h e  form of d i f f u s i v e  energy l o s s ,  t h e  p a r t i a l  p re s su re  of 

t h e  l i q u i d  i n  t h e  vapor environment is  assumed s m a l l  and a n  

equ iva len t  s p h e r i c a l  shape has  been assumed. 

The momentum equat ion along with t h e  appropr i a t e  boundary 

cond i t ions  w a s  solved i n  reference 12 t o  g ive  

* 
where V and A* are dimensionless volume and area of t h e  

bottom of t h e  f l a t  d i s k  model, r e spec t ive ly .  They are de f ined  

by equat ions (9) and (10) i n  t h e  body of t h i s  r e p o r t .  
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Equation (A12) could now be combined wi th  t h e  i n t e r f a c e  

energy balance,  equation ( A l l ) ,  t o  determine the  gap th i ckness  6. 

Next, t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  can be  found by combining t h e  

gap th i ckness  6 with equation (A5). However, f o r  convenience, 

t h e  vapor gap thickness  and heat  t r a n s f e r  c o e f f i c i e n t  w i l l  f i r s t  

b e  found f o r  t h e  case of pure f i lm b o i l i n g .  

For pure f i l m  bo i l ing ,  no r a d i a t i o n  o r  d i f f u s i n g ,  t h e  i n t e r -  

f a c e  energy balance becomes 

where t h e  s u b s c r i p t  "0" has been added t o  s i g n i f y  t h a t  t h i s  is  

t h e  gap th i ckness  i n  t h e  absence of d i f f u s i o n  o r  r a d i a t i o n .  Sub- 

s t i t u t i n g  t h e  expression f o r  w(6) from equat ion (A12) i n t o  equa- 

t i o n  (A13) and so lv ing  f o r  t h e  vapor gap th i ckness  g ives  

From t h e  d e f i n i t i o n  of t he  hea t  t r a n s f e r  c o e f f i c i e n t  i n  equa- 

t i o n  (A5), 

where t h e  l a t e n t  h e a t  of vaporizat ion 

t h e  modified l a t e n t  h e a t  of vapor i za t ion  A . The modified 

l a t e n t  heat of v a p o r i z a t i o n  accounts f o r  t h e  convective terms i n  

t h e  energy equat ion which were neglected i n  equat ion (A5). 

A has been replaced by 
* 

The 
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* 
func t ion  form of A w a s  derived i n  r e f e r e m e s  1 2  and 1 3  and is  

given i n  t h e  list of symbols. 

Now, s u b s t i t u t i n g  equations (A12) and (A13) i n t o  equat ion 

(All)  g ives  

64 = 64[ - 6 [  A D ~ ~ M P ~  (%)- brad]) 
0 k RTsro AT AB 

or mult iplying t h e  d i f f u s i v e  and r a d i a t i v e  terms by t h e  i d e n t i t y  

6 0 / 6 0  gives 

0 

Ad hDABMP~ H (Pr3 1 Ad - 
NDc AB RTsroho AT 'c ,G * , h L  *-* AE 

e- 

r 0 0  * * 
The d e f i n i t i o n s  of ho and ro are given i n  t a b l e  2 .  This 

dimensionless group is  a measure of t h e  importance of d i f f u s i o n  

from t h e  top of t h e  drop t o  conduction below. 

Equation (A16) is t h e  biquadrat ic  equat ion f o r  which solu- 

t i o n s  exist ( r e f .  16) .  Unfortunately,  t he  more general  s o l u t i o n  

does not l ead  t o  a closed-form so lu t ion  f o r  t h e  t o t a l  vaporiza- 

t i o n  time. However, f o r  t h e  range of NDc and hrad as soc i a  t ed 

w i t h  t y p i c a l  experiments, a simple i terat ive s o l u t i o n  can be  found 

by assuming 6 2 6 on t h e  right-hand s i d e  of equat ion (A17). 

This g ives  

0 
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0 
h 

1 + brad 
- (NDC - hrad/ho) 

hT * 

o r  
r 

hT = h 0 + t tDc - 51 + hrad = h 0 

F i n a l l y ,  i n v e r t i n g  gives  

The t o t a l  hea t  t r a n s f e r  c o e f f i c i e n t  t o  t h e  drop can now b e  

found by s u b s t i t u t i n g  6 i n t o  the left-hand s i d e  of equa- 

t i o n  (Al l ) .  

This  form of t h e  t o t a l  h e a t  t r a n s f e r ,  al though r e l a t i v e l y  simple,  

w i l l  s t i l l  not  l ead  t o  a closed-form s o l u t i o n  f o r  t h e  t o t a l  va- 

p o r i z a t i o n  t i m e .  Therefore,  equation (A20) is now w r i t t e n  i n  t h e  

form of a binomial expansion i n  which only t h e  f i r s t  o rde r  terms 

are kept. The d e t a i l s  a r e  as follows. 

0 
h 

h, = 

- J 

The d i f f u s i o n  parameter NDC is a func t ion  of t h e  dimen- 
* * 

s i o n l e s s  volume V which is embedded i n  t h e  terms h* and r 

i n  equation (A18). Subs t i t u t ing  i n  t h e  va lue  of horo  from 

t a b l e  2 i n t o  equation (A17) gives 

0 0 * *  
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Defining 

The hea t  t r a n s f e r  c o e f f i c i e n t  t o  t h e  drop becomes 

0 
h 

hT = 1. - 0.25 N * /V *'I4 - 0.75 hra,/ho] 

* 
I n  t h i s  case ,  N is independent of drop volume. This  form of 

t h e  t o t a l  hea t  t r a n s f e r  coe f f i c i en t  leads t o  a closed s o l u t i o n  

f o r  t h e  t o t a l  vapor iza t ion  time. 
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TABLE 1. - DIFFUSION COEFFICIENTS (373 K 

AND ATMOSPHERIC PRESSURE) 

Liquid-gas 
combinat ion 

Water -air 

Water-argon 

Water-helium 

Water - n i  tr ogen 

Refer- 
ence D~~ 9 

2 cm /sec 

0.353 1 6  

0.41 1 7  

1.22 17 

0.40 17 

“D c a l c u l a t e d  by S l a t t e r y - B i r d  e q u a t i o n  cor-  AB 

r e c t e d  f o r  water (eq, (11-27)) as g i v e n  i n  

r e f .  17. 

bExperirnental  d a t a  g iven  i n  t a b l e  11-4 of r e f .  1 7  

w a s  l i n e a r l y  e x t r a p o l a t e d  t o  373 K. 
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Dimensionless Drop shape V+ 

I volume, 
v* E 

L3 

* 
t 

V* 7 0.8 I Small spheroid 

V+ - (V*113 - 1.345 N*V*"l2 + 0.995 N* - 0.465 hzadV*1/2 + 0.345 hrad * )3 0.8 < V* 7 155. I Large drop t* - 2.23 V + l i 3  - 0.97 

Extended drop 

(Constant thickness 1 

ABLE 3. - THEORETICAL EXPRESSIONS FOR DROPLET VAPORIZATION TIME 

v+ (V*5/12 - 0.624 N*Vf116 - 0.142 hzadV*li2 Y215 t - 1.205 V+5/12 I *  

SATURATED VAPOR 

(a)  SATURATED ATMOSPHERE. (b) DISPERSED ATMOSPHERE. 

Figure 1. - Velocity flow models for drops in film boiling. 
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Figure 2. -Total vaporization data for various water and 
inert  gas combinations. 
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Figure 3. - Schematic model for evaporation of flat disk. 
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Figure 4. -Total  vaporization time correlation for water 

V+ 

droplets (data from ref. 6). 
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